The transport of resource subsidies by animals has been documented across a range of species and ecosystems. Although many of these studies have shown that animal resource subsidies can have significant effects on nutrient cycling, ecosystem productivity, and food-web structure, there is a great deal of variability in the occurrence and strength of these effects. Here we propose a conceptual framework for understanding the context dependency of animal resource subsidies, and for developing and testing predictions about the effects of animal subsidies over space and time. We propose a general framework, in which abiotic characteristics and animal vector characteristics from the donor ecosystem interact to determine the quantity, quality, timing, and duration (QQTD) of an animal input. The animal input is translated through the lens of recipient ecosystem characteristics, which include both abiotic and consumer characteristics, to yield the QQTD of the subsidy. The translated subsidy influences recipient ecosystem dynamics through effects on both trophic structure and ecosystem function, which may both influence the recipient ecosystem's response to further inputs and feed back to influence the donor ecosystem. We present a review of research on animal resource subsidies across ecosystem boundaries, placed within the context of this framework, and we discuss how the QQTD of resource subsidies can influence trophic structure and ecosystem function in recipient ecosystems. We explore the importance of understanding context dependency of animal resource subsidies in increasingly altered ecosystems, in which the characteristics of both animal vectors and donor and recipient ecosystems may be changing rapidly. Finally, we make recommendations for future research on animal resource subsidies, and resource subsidies in general, that will increase our understanding and predictive capacity about their ecosystem effects.
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I. INTRODUCTION
Allochthonous organic matter, produced in one ecosystem and transferred into another, has long been known to play potentially important roles in food-web and ecosystem dynamics (Summerhayes & Elton, 1923; Lindeman, 1942; Likens & Bormann, 1974; Polis, Anderson, & Holt, 1997a) . Polis et al. (1997a, p. 290) first formally defined spatial subsidies as 'a donor-controlled resource (prey, detritus, nutrients) from one habitat to a recipient (plant or consumer) from a second habitat which increases population productivity of the recipient, potentially altering consumer-resource dynamics in the recipient ecosystem.' This landmark paper generated a substantial amount of interest in documenting the occurrence of spatial subsidies and quantifying their ecosystem effects. Twenty years later, we know that spatial subsidies are an important feature of many if not all landscapes, and that they can have strong and complex effects on the recipient ecosystem, altering nutrient cycling (Kitchell et al., 1999; Vanni, 2002) , increasing (Marcarelli et al., 2011; Samways & Cunjak, 2015) or decreasing ecosystem productivity (Menninger et al., 2008; Kelly et al., 2013) , subsidizing consumer populations (Polis et al., 1997a; Sabo & Power, 2002) , and altering food web structure and stability (Huxel & McCann, 1998; Nowlin et al., 2007; Leroux & Loreau, 2008) . In some cases, spatial subsidies can move in opposing directions between ecosystems (reciprocal subsidies) (Nakano & Murakami, 2001; Baxter, Fausch, & Saunders, 2005) , leading to complex cross-system dynamics that can increase the challenge of untangling the drivers of ecosystem function.
Resource transfers between ecosystems can occur through passive processes, such as wind, atmospheric deposition, overland flow, and riverine flow, but the transfer of resources by animals is particularly interesting because (i) animal resources are often rich in limiting nutrients, (ii) animals can move resources either more quickly along or against naturally established gradients (e.g. upstream or upslope transfers) (Vanni, 2002; Lundberg & Moberg, 2003; Bauer & Hoye, 2014; Earl & Zollner, 2017) , and (iii) animals tend to aggregate in space and time, which can lead to 'hot spots' and 'hot moments' of biogeochemical cycling (McClain et al., 2003; McIntyre et al., 2008) . Animal resource inputs also directly link animal population dynamics with dynamics of both the donor and recipient ecosystems, which adds increasing levels of complexity to ecosystem dynamics (Kitchell et al., 1979; Vanni, 2002) . The transfer of allochthonous resources through animal movement has been documented for a range of animal taxa, from zooplankton to salmon to whales, moving resources by excretion, egestion, gametes and/or carcasses. These movements can occur on hourly and daily time scales (as animals move between ecosystems for feeding and roosting), on a monthly to yearly basis (as animals move between ecosystems during different life-history stages or during long-distance migrations), or on multi-year or decadal time scales (as animal populations cycle across years or emerge periodically, e.g. cicada emergence events). The resulting transfer of resources can have large effects on ecosystem function, driving overall metabolism through increased productivity or heterotrophy (Naiman et al., 2009; Holtgrieve & Schindler, 2011; Bellmore et al., 2014; Samways & Cunjak, 2015) , and on trophic structure, providing a pulse in high-quality resources that may be selected for by local consumers regardless of relative magnitude of the input (e.g. terrestrial insects falling into streams) (Marcarelli et al., 2011) . Animals can also have ecosystem effects through their role as herbivores, predators, or prey, which have been referred to as trophic effects or process subsidies; in this review, we focus on transport effects via material or resource subsidies Bauer & Hoye, 2014) .
It is now generally accepted that animal resource inputs can provide an important part of the nutrient budget for many ecosystems, but the degree to which their relative importance can vary and the drivers of this variability are not well understood. Difficulties explaining and predicting the relative importance of inputs are likely due to the large number and wide range of variables that influence their magnitude and impacts. Previous syntheses have primarily focused on characteristics of the animal vector (Kitchell et al., 1979; Vanni, 2002; Wardle & Bardgett, 2004; Schmitz, Hawlena & Trussell, 2010; Sitters et al., 2017) or characteristics of the donor and recipient ecosystems (Polis et al., 1997a; Marczak, Thompson & Richardson, 2007; Richardson, Zhang & Marczak, 2010; Marcarelli et al., 2011; Sitters et al., 2015) , but not often on interactions between them (although see Atkinson et al., 2016) . What is missing, to understand and predict the variability inherent Fig. 1 . Conceptual framework illustrating the influence of animal resource subsidies on ecosystem dynamics. 1, Abiotic characteristics of the donor ecosystem (light blue box/arrow) interact with characteristics of the animal vector (dark blue box/arrow) to influence the quantity, quality, timing and duration (QQTD) of a resource input (blue circle) to a recipient ecosystem. 2, Input QQTD are translated through the lens (blue-purple arrow) of both abiotic and consumer characteristics of the recipient ecosystem (red box) to yield the QQTD of the resource subsidy (purple circle). 3, Subsidy QQTD (purple circle/purple arrow) determine ecosystem effects (purple hexagon) in the recipient ecosystem. 4, Recipient ecosystem effects can alter the lens through which future inputs are translated (purple-red dashed arrows) through changes in certain abiotic and consumer characteristics (underlined characteristics are responsive to feedbacks). 5, Recipient ecosystem effects also can feed back into the donor ecosystem to influence future inputs (purple-blue dashed arrow).
in animal resource inputs and their ecosystem effects fully, is a framework for integrating the range of both animal vector and donor and recipient ecosystem characteristics and their interactions with one another.
Our goal herein is to develop a conceptual framework for understanding and predicting the effects of animal resource subsidies on ecosystem dynamics. We propose a general framework, in which (i) abiotic and animal vector characteristics in the donor ecosystem interact to determine the quantity, quality, timing, and duration (QQTD) of an animal input; (ii) the animal input is translated through the lens of recipient ecosystem characteristics, which include both abiotic and consumer characteristics, to yield the QQTD of the subsidy; (iii) the translated subsidy influences the recipient ecosystem through effects on trophic structure and ecosystem function; (iv) these ecosystem effects may influence the recipient ecosystem's response to further inputs; and (v) these effects may feed back to influence the donor ecosystem (Fig. 1, Table 1 ). Here, we place into this framework the considerable research on animal resource subsidies across ecosystem boundaries. We also provide a set of examples spanning several orders of magnitude of animal body mass to illustrate how subsidy magnitude, stoichiometry and relative importance in the recipient ecosystem can vary by system in sometimes unexpected ways (Table 2) . Finally, we explore how this framework might be particularly helpful in studying animal subsidies in a changing world.
II. SUBSIDY DEFINITION AND CHARACTERISTICS
There has been some discussion in the literature about what constitutes a resource subsidy (Jones, Solomon & Weidel, 2012; Kelly et al., 2013) , so we start by clarifying our use of terminology. In the original definition, Polis et al. (1997a) specified that a subsidy increases consumer production. Anderson, Wait & Stapp (2008, p. 660) modified that definition to include subsidies that 'alter the dynamics of recipient populations and communities', which includes instances in which the subsidy either promotes or inhibits production. We incorporate the language of the latter in our definition, as inhibited productivity can have strong ecosystem and trophic effects, and we argue that both outcomes could occur in the same recipient ecosystem for a given subsidy, depending on variability in subsidy and ecosystem characteristics. We also recognize that identification of subsidies depends upon delineation of the boundaries between donor and recipient ecosystems. Interestingly, both Polis et al. (1997a) and Anderson et al. (2008) use 'habitat' to refer to donor and recipient systems. Here we use 'ecosystem', in which ecosystem boundaries are defined functionally as discontinuities or steep gradients in the flux of material and energy or the physical parameters that drive those fluxes (Post et al., 2007) . Our definition of a resource subsidy, then, is a resource that originates from Allgeier et al. (2015) , Elser et al. (1996) , Gillooly et al. (2001) , Pershing et al. (2010) and Vanni & McIntyre (2016 ) Physiology Qt, Ql Brown et al. (2004 , Liess et al. (2015) and Vanni & McIntyre (2016 ) Stoichiometry Ql Atkinson et al. (2016 , Capps & Flecker (2013a) , Dalton & Flecker (2014) , Sterner & Elser (2002) and Vanni et al. (2002) Population size Qt Bump et al. (2009a) , Fey et al. (2015b) , Habeck & Meehan (2008) and Post et al. (1998) 
Life history
Qt, Ql, T, D Capps et al. (2015) , Luhring et al. (2017) , Regester et al. (2006) and Twining et al. (2017 ) Behaviour Qt, Ql, T, D Ben-David et al. (1998 , Bilby et al. (2003) , Meyer et al. (1983) , Post et al. (1998) and Subalusky et al. (2015) Animal mobility T, D Earl & Zollner (2014) , Kitchell et al. (1999) and Post et al. (1998) Paetzold et al. (2008) and Payne & Moore (2006) production in a donor ecosystem, moves into a recipient ecosystem, and alters the dynamics of a consumer in that recipient ecosystem. This definition still implies knowing something about the effects of a resource in the recipient ecosystem before it can be called a subsidy. Thus, we use the more general term 'input' in our conceptual framework (and throughout the majority of this review) to refer to a resource that is produced in a donor ecosystem and transported to a recipient ecosystem, and we use the term 'subsidy' to refer to an input that has been incorporated into the recipient ecosystem and has subsequent effects on trophic structure and ecosystem function (Fig. 1) . We propose there are four primary, non-orthogonal axes of variability that can be used to describe an animal input or subsidy: quantity, quality, timing and duration (QQTD). These four variables can be directly influenced by the animal vector transporting the input and the donor ecosystem from which it emerges, and these variables are also relative to, and can be shaped by, the recipient ecosystem it enters. Examples of animal vector characteristics and donor and recipient ecosystem characteristics and how they influence each of these four parameters are provided in Table 1 .
Quantity is the total amount of resources moved from the donor to recipient ecosystem, typically measured as biomass. Quantity was the focus of many early studies of spatial subsidies and continues to be the focus of many ecosystem studies (Marcarelli et al., 2011) . However, inputs also vary widely in their quality, which is typically defined by the chemical characteristics of the resource (lability, stoichiometry, etc.) (Marcarelli et al., 2011; Sitters et al., 2015) . In general, higher quality resources have a higher ratio of macro-and micronutrients relative to overall C or biomass. Both the quantity and quality of an input are fundamentally linked to the animal making the movements, but they are also shaped directly by the donor ecosystem from which the animals emanate and are ultimately measured relative to characteristics of the recipient ecosystem (Table 1) . The timing of the input and the duration over which it is available to the recipient ecosystem can also shape an input's effect and, as with quantity and quality, these two variables are inter-related. Timing refers to when the input enters the recipient ecosystem relative to other environmental factors (temperature, rainfall, etc.) and is therefore often related to seasonal variability. Duration is the length of time for which an input is available to the recipient ecosystem. Duration may be influenced by the frequency and length of loading events, and by retention of the input in the recipient ecosystem (i.e. time to complete utilization). These factors are largely shaped by the animal vector and donor ecosystem, as timing and seasonality vary with species and geographic location; however, timing and duration also may be influenced by both abiotic and consumer characteristics in the recipient ecosystem (Table 1) .
III. ANIMAL VECTOR CHARACTERISTICS (1) Input form
Animal inputs typically are one or a combination of four primary forms: egestion, excretion, gametes and carcasses. Carbon and nutrients that are ingested but not assimilated are released through egestion (faeces) (Wotton & Malmqvist, 2001) . Material that is assimilated can be excreted through kidneys or similar organs (e.g. as urine, guano), can be used for secondary production through growth or reproduction, or, for carbon, can be lost through respiration (Vanni, 2002; Schmitz et al., 2010) . Material incorporated into animal tissue can ultimately become available through production of gametes or as a carcass when the animal dies. We include as resource subsidies both carcasses of animals that died outside the recipient ecosystem and were transported in, and those of animals that died within the recipient ecosystem, provided the majority of the carcass biomass originated from the donor ecosystem. The form of input an animal vector contributes is largely determined by the animal's behaviour and life-history patterns.
The input form can influence its quantity, quality, and duration. Excretion supplies soluble nutrients, which are often inorganic, and can be easily assimilated by primary producers or bacterial communities, making it a relatively high-quality resource (Vanni, 2002) . However, excretion is usually present in lower quantities than egestion or carcasses, and due to its solubility, may be transported out of the system quickly. Egestion supplies some particulate nutrients, but is typically high in carbon and requires mineralization, making it a relatively lower quality resource. However, egestion typically persists in the ecosystem for longer time periods than excretion (Wotton & Malmqvist, 2001; Joyce & Wotton, 2008) . A number of studies have examined the influence of animal excretion on ecosystem function (Atkinson et al., 2016) . Far fewer have studied the influence of egestion, largely due to difficulties estimating it in the field, although research that has explicitly investigated egestion has shown it can play an important role in biogeochemical cycles and food webs (Joyce, Warren & Wotton, 2007; Halvorson et al., 2015; Masese et al., 2015; Atkinson et al., 2016; Stears et al., 2018; Subalusky et al., 2018) . Animal tissue, primarily through gametes and carcasses, is typically high in nutrients as well as carbon, but also requires mineralization for uptake and may break down over a longer time, providing a high-quality but potentially more complex resource than excretion and egestion (Wipfli et al., 2010) . Input form interacts with a range of other animal characteristics ultimately to influence input characteristics.
(2) Animal mass and physiology
Animal mass, metabolic type and whether they are invertebrates or vertebrates are primary determinants of input quantity because they directly determine carcass size, regulate egestion and excretion rates by setting an animal's daily energy requirements, and ultimately influence population size (Tables 1, 2) (Gillooly et al., 2001; Brown et al., 2004) . Two recent meta-analyses of excretion rates of aquatic ectotherms found that body mass explained a large amount of variation in excretion rates (Allgeier et al., 2015; Vanni & McIntyre, 2016) , and that vertebrates had higher rates of excretion than invertebrates even when accounting for body mass (Vanni & McIntyre, 2016) . In a sensitivity analysis of alewife (Alosa pseudoharengus) nutrient loading estimates, animal mass had the largest effect via its impact on excretion rate and carcass mass (West et al., 2010) . When the input is excretion and egestion, the per capita input is determined by the amount of food consumed, nutritional content of the food, assimilation efficiency of the animal and amount of time excreting/egesting in the recipient ecosystem. Body mass and metabolic type are the primary determinants of daily energetic requirements, which interact with the energetic content of the diet to determine the amount of food consumed and assimilation efficiency. Nutrient excretion rates usually scale allometrically with body mass, although there is variation in scaling rates across species and between N and P excretion (Vanni, 2002; Allgeier et al., 2015 ; Vanni & McIntyre, 2016) . Endothermic animals typically have higher metabolic demands, meaning higher turnover rates of consumed and metabolized resources , although endotherms in cold regions can have lower excretion rates due to increased growth efficiency (Liess et al., 2015) . When the input is carcasses, per capita input quantity is equivalent to the animal's body mass. Animal mass also may influence input duration, as larger carcasses will take longer to decompose.
Animal mass and whether they are vertebrates or invertebrates also may influence the stoichiometry of both carcasses and excretion/egestion, and therefore input quality ( Table 1) . As vertebrate animals grow larger, the relative proportion of skin, muscle and bone changes, leading to a general increase in P relative to C and N with increasing body size, largely due to the high P concentration in bones (Elser et al., 1996) . This could make large vertebrate carcasses a higher quality resource than small vertebrate carcasses, and vertebrate carcasses in general a higher quality resource than invertebrate ones, if P is a limiting nutrient in the ecosystem. However, because much of the P is in bones or scales, both of which have a much lower decay rate than soft tissues, the P may not be readily or rapidly available to the recipient ecosystem (Vanni, Boros & McIntyre, 2013) . Almost half of the dry mass and 95% of the P in a wildebeest (Connochaetes taurinus) carcass is bone, but it takes 170 times longer to decay than muscle tissue (Subalusky et al., 2017) . The elevated dietary need for P to build and maintain bone may also negatively impact the quality of excretion. According to stoichiometric theory, an animal with a lower body N:P ratio will excrete nutrients with a higher N:P ratio (Sterner & Elser, 2002; . However, there was little support for this prediction in two meta-analyses of animal excretion rates (Allgeier et al., 2015; Vanni & McIntyre, 2016) . This relationship may be largely influenced by the rate at which animals are growing and allocating resources to different tissues and whether the tissues are metabolically active or not (Atkinson et al., 2016) .
There are other factors that may influence the nutritional status or body content of an animal and thus the amount and/or stoichiometry of resources it excretes. Animals that are growing, reproducing, migrating, or reserving nutrients for other purposes may excrete or egest relatively fewer or lower quality resources Liess et al., 2015) . Although many estimates of animal excretion assume homeostasis, or the relative constancy of the nutrient content of animal tissue, there is increasing evidence showing that tissue stoichiometry within a species may be variable over time (Small & Pringle, 2010; Atkinson et al., 2016) . Body stoichiometry may be influenced by different growth rates or resource-use patterns associated with different ontogenetic stages or life-history strategies (Werner & Gilliam, 1984; Elser et al., 1996; Atkinson et al., 2016) . Ecological stoichiometry also predicts a positive relationship between dietary and waste stoichiometric ratios, suggesting that animals feeding at higher trophic levels are likely to excrete/egest higher quality resources than primary consumers, which have relatively high C:nutrient ratios for consumption and egestion (Sterner & Elser, 2002) . However, in a meta-analysis of aquatic animals, Vanni & McIntyre (2016) found that primary consumers excreted as much nutrients as carnivores. Species-specific differences also may be important, such as the relatively high amounts of P sequestered for armour growth in loricariid catfish, and their subsequently high N:P ratio for excretion Knoll et al., 2009; Capps & Flecker, 2013a) . Changes in an animal's physiology in response to fear of predation can also influence input quality via influences on body stoichiometry Schmitz et al., 2010; Dalton & Flecker, 2014) .
Body mass also influences animal mobility, which can influence the timing and duration of an input, in addition to the scale of connection between donor and recipient systems (Table 1) (Paetzold, Lee & Post, 2008; Earl & Zollner, 2014 . Small-bodied animals are more likely to make shorter-distance movements that connect proximate donor and recipient systems that may already be linked by passive transport of resources. Insect emergence inputs to riparian zones are highest immediately adjacent to the donor ecosystem and decline inland (Gratton & Vander Zanden, 2009; Muehlbauer et al., 2014; Dreyer et al., 2015) . Migration distances tend to increase with body size, from 12 km for black-tailed jackrabbits (Lepus californicus) to over 4000 km for caribou (Rangifer tarandus) (Berger, 2004) ; however, there are many exceptions to this generalization, particularly for animals that swim or fly.
(3) Population size
Population size is a major driver of input quantity because it determines the number of animals serving as nutrient vectors (Table 1) . Population size had the greatest effect on estimates of nutrient loading by excretion for waterfowl in wetlands (Post et al., 1998) and moose (Alces alces) in boreal forests (Bump, Peterson & Vucetich, 2009a) and was second only to the effect of animal mass for loading by alewife in lakes (West et al., 2010) , both because these estimates were very sensitive to changes in population size and because there can be considerable variation in population size relative to other drivers of inputs. Population size can offset the effect of small body size and lead to equivalent or even higher overall loading levels. The largest estimated flux of energy transported by a single population (1.3 × 10 6 tons) is via reproductive output from a spawning herring (Clupea harengus) migration (Varpe, Fiksen & Slotte, 2005) . Habeck & Meehan (2008) showed that the trade-off between animal mass and population density led to population-level nitrogen flux being independent of species mass.
Excretion and egestion rates are typically proportional to population size when the entire population follows the same movement patterns into the recipient ecosystem, as has been seen for geese (Post et al., 1998) . Carcass inputs are generally proportional to population size when an age class experiences consistent levels of mortality, for example for semelparous fish (Naiman et al., 2009) or iteroparous fish where spawning mortality is similar across variation in population size (Walters, Barnes & Post, 2009 ). Where mortality rates are more variable, due to individual variation in behaviour or the occurrence of catastrophic events (Fey et al., 2015b) , input quantity is likely variable but generally positively correlated with population size. For example, a large population of birds could experience a large or small mortality event during migration that could contribute a wide range of a number of carcasses, but a small population can only contribute so many carcasses before it goes extinct (Fey et al., 2015b) . Mortality events that have a small impact on the animal population may have large impacts on recipient ecosystems, particularly for large-bodied animals in small recipient ecosystems (Subalusky et al., 2017) .
(4) Life history and behaviour
Life history and behaviour can modify quantity, quality, timing and duration of inputs largely through their effect on input form (excretion, egestion, gametes and carcasses) ( Table 1) (Twining et al., 2017) . Daily feeding migrations, when animals feed in a habitat distinct from where other activities such as breeding or resting occur, typically result in inputs via excretion and egestion. Large life-history changes (often driven by ontogenetic niche shifts) and long-distance migrations (often driven by reproduction) typically put great mortality pressure on individuals and often result in gamete and carcass inputs. Animals undergoing life-history shifts and/or long-distance migrations are also excreting/egesting, but excretion/egestion often happen within hours of consumption and do not result in an input to a different ecosystem. For both types of animal movement pattern and input form, it is a species' tendency to aggregate on feeding, resting, or breeding grounds that contributes to the overall quantity and effect of the input, both through concentrating it in space and time (Post et al., 1998; McIntyre et al., 2008; Holdo et al., 2011) and through facilitating its use by consumers (Bilby et al., 2003) .
Some of the earliest recognized examples of animal inputs are due to daily feeding migrations, including those by bats (Hutchinson, 1950) , coral reef fish (Meyer, Schultz & Helfman, 1983; Meyer & Schultz, 1985) , seabirds (Bosman & Hockey, 1986; Sanchez-Pinero & Polis, 2000; Stapp & Polis, 2003b) , and waterfowl (Manny, Johnson & Wetzel, 1994; Post et al., 1998; Kitchell et al., 1999) . Other behaviours, such as scent marking at latrine sites by river otters (Lutra canadensis), also can lead to cross-ecosystem transfer of excretion/egestion (Ben-David et al., 1998) . Inputs from feeding migrations usually occur daily when animals move into resting habitat, although movement between ecosystems could be triggered by a range of factors (fear of predation, thermoregulation, respiration) that influence the input's timing and duration. For some animals (e.g. bats, hippos), daily feeding movements and their associated inputs occur throughout the year in one general location, allowing the daily inputs to accrue in the recipient ecosystem (Duchamp, Sparks & Swihart, 2010; Subalusky et al., 2015) . For other animals (geese, whales), these daily feeding migrations are couched within larger long-distance migrations, so daily inputs occur for focused periods of time (days to months) and then cease (Post et al., 1998; Kitchell et al., 1999; Roman & McCarthy, 2010) .
Life-history shifts are often accompanied by reproduction and considerable mortality, and when those shifts are accompanied by movement across ecosystem boundaries, they can transfer large quantities of gametes and carcasses into the recipient ecosystem (Wilbur, 1980) . One of the best-known examples is the migration of anadromous, semelparous salmon (Oncorhynchus spp.) (Naiman et al., 2009) , although it has also been documented in other diadromous and potamodromous fish species (Nislow, Armstrong & McKelvey, 2004; Walters et al., 2009; Wheeler, Miller & Crowl, 2015; Twining et al., 2017) . In diadromous fish, life-history traits like semelparity and iteroparity have strong impacts on whether inputs are primarily via carcasses (semelparity) or a combination of carcasses, gametes, and excretion/egestion (iteroparity) (Janetski et al., 2009; Walters et al., 2009; Childress, Allan & McIntyre, 2014; Childress & McIntyre, 2015; Twining et al., 2017) . In both cases, life-history strategy interacts strongly with population size to determine the overall quantity and quality of inputs. Metamorphosis and associated migrations of animals with complex life histories are often associated with adult excretion, gamete deposition and larval mortality in one ecosystem and juvenile export into another (Schreiber & Rudolf, 2008) , as has been shown for amphibians (Capps, Berven & Tiegs, 2015) moving between aquatic and terrestrial ecosystems, and salmon (Oncorhynchus nerka) moving between marine and freshwater ecosystems (Moore & Schindler, 2004) (Table 2 ). In these cases, the magnitude and direction of net flux may be element-dependent (i.e. the net flux of C, N and P may not always be in the same direction) and may depend on characteristics of the animals, such as adult population size, juvenile recruitment, ontogenetic shifts in stoichiometry, and mobility (Jackson & Fisher, 1986; Capps et al., 2015; Luhring, DeLong & Semlitsch, 2017) , as well as characteristics of the ecosystems, such as size, perimeter to area ratio and boundary characteristics (Jackson & Fisher, 1986; Regester, Lips & Whiles, 2006) . Theory suggests that gradual changes in ecosystem productivity or consumer mortality can lead to abrupt regime shifts in ecosystems coupled by consumers with complex life histories (Schreiber & Rudolf, 2008) .
During long-distance migrations, which may be driven by a range of behavioural (e.g. reproduction) or environmental factors (e.g. rainfall, temperature), animal mortality can be elevated due to physical and environmental challenges of migration (Sillett & Holmes, 2002; Milner-Gulland, Fryxell & Sinclair, 2011; Klaassen et al., 2014) . When mortality is particularly high in one ecosystem along the migratory route, carcass inputs may constitute a subsidy from the ecosystem in which most resources were consumed. The length of the migration and where mortality occurs along it may impact the quality of the carcass input, as use of fat stores, altered feeding patterns and nutrient excretion may alter carcass stoichiometry throughout the migration (Tiegs et al., 2011; Sitters et al., 2015) .
When inputs are in the form of carcasses from mortality during a life-history shift and/or long-distance migration, timing is often linked to seasonal shifts in temperature, light or rainfall regimes. For life-history shifts and reproductive migrations that are cued by warmer temperatures and longer days (Milner-Gulland et al., 2011; Winkler et al., 2014) , the resulting carcasses enter a recipient ecosystem primed to use added nutrients for production. Because the phenology of these events is often conserved across individuals of a species, mortality events are often experienced by large numbers of individuals at the same time, which can result in a major pulse of carcasses (Baxter et al., 2005; Uno & Power, 2015) . A similar pulse of carcasses can occur due to mass mortality from a catastrophic event or disease outbreak, the latter of which is the factor most often associated with mass mortality events across all animal taxa (Fey et al., 2015b) . The duration of carcasses in an ecosystem depends on the decomposition rate of different carcass components (Vanni et al., 2013; Keenan et al., 2018) , which is days to weeks for muscle tissue and years for bones (Subalusky et al., 2017) ; thus, the carcasses of larger animals, of which nearly 50% of the dry mass may be bones, may last significantly longer than those of smaller animals. The duration of an input may in turn influence its quality, as variable decomposition and leaching rates influence stoichiometric ratios (Sitters et al., 2015) .
IV. DONOR ECOSYSTEM CHARACTERISTICS
(1) Size, productivity and resource availability
The size and productivity of donor ecosystems, which influence the degree to which potential animal vectors acquire resources, interact to impact strongly the quantity and quality of inputs to the recipient ecosystem (Table 1) . Ecosystems with high rates of either primary production or detrital inputs can support high levels of secondary production and potentially increase the number and/or biomass of individuals available as vectors. Small ecosystems may have higher rates of secondary productivity per unit area, partially due to their own receipt of subsidies (Polis et al., 1997a) ; however, large ecosystems may have larger net productivity. For example, streams have more productive zoobenthos than lakes, but due to higher rates of insect emergence and larger size, lakes have approximately 2.5 times greater flux of insects to land (Gratton & Vander Zanden, 2009) (Table 2 ). Several studies have proposed that donor ecosystem productivity is particularly important in producing large subsidy effects when it is greater than productivity in the recipient ecosystem (Polis et al., 1997a; Witman, Ellis & Anderson, 2004) . When productivity in donor and recipient ecosystems is equivalent, subsidy influence appears to be predominantly an edge effect (Paetzold et al., 2008) . A meta-analysis of resource subsidies on food webs did not find a significant effect of donor ecosystem productivity on consumer effects in the recipient ecosystem, but hypothesized that the other variables that influence subsidy transport, including landscape features, boundaries between the donor and recipient ecosystem and subsidy characteristics may have obscured effects of productivity (Marczak et al., 2007) . For example, geomorphological features like stream meanders can increase aquatic insect flux into riparian habitats and increase insectivorous bird abundance, likely due to increased amount of stream edge and surface in meandering reaches (Iwata, Nakano & Murakami, 2003) . Habitat structure in the donor ecosystem also may influence input quantity. Fluxes of terrestrial insects into streams are higher from closed-canopy deciduous riparian zones, although the scale at which these effects are evident is unclear (Baxter et al., 2005) . Trophic dynamics in the donor ecosystem also may influence the quantity of animal vectors. Several studies have shown that non-native stream fishes significantly reduce emerging aquatic insects, which subsequently reduce riparian spider populations (Baxter et al., 2004; Benjamin, Fausch & Baxter, 2011) .
Donor ecosystems may influence input quantity and quality through variations in resource availability. For example, most aquatic ecosystems are considered P limited (Schindler, 1977; Elser, Marzolf & Goldman, 1990; Elser et al., 2000) while terrestrial systems are N limited (Elser et al., 1990) . However, primary consumers in both systems were found to have very similar body N:P ratios, suggesting that N may be available in excess for aquatic consumers, leading to elevated N:P excretion/egestion ratios (Elser et al., 2000) . Higher nutrient or fatty acid availability in the donor ecosystem also may increase the nutrient or fatty acid content in the body tissues of animal consumers in that ecosystem, with subsequent effects on the quality of their excretion/egestion and carcasses (Heintz et al., 2004; Small & Pringle, 2010; Twining et al., 2016; Martin-Creuzburg, Kowarik & Straile, 2017) . Animals' diet in the donor ecosystem also may interact with animals' body stoichiometry, as an animal with a low body N:P ratio feeding on a diet with a high N:P ratio will have to consume more food to obtain sufficient P, thus excreting a larger amount of N (Vanni, 2002) . For example, at low N concentration in forage, large mammalian herbivores primarily egest N to maximize retention, and at high N concentration, they primarily excrete N as urea to remove excesses (Hobbs, 1996; Bump et al., 2009a) .
(2) Seasonal and large-scale climatic shifts
Seasonality in the donor ecosystem can be important for determining the quantity and timing of inputs (Table 1) . Seasonal variations in temperature can have large effects on productivity, which may increase the production of animal vectors and their subsequent transport to recipient ecosystems. Fluxes of terrestrial insects into streams, which can be important prey for fishes, typically coincide with higher temperatures in summer and early autumn (Nakano & Murakami, 2001; Baxter et al., 2005) . This timing is seasonally offset from aquatic insect biomass and emergence in temperate regions, which may increase the relative importance of terrestrial prey, but timing of aquatic and terrestrial insects is more synchronous in Mediterranean regions (Rundio & Lindley, 2008; Larsen, Muehlbauer & Marti, 2016) .
Seasonal increases in production also may influence the time animal vectors spend foraging in the donor ecosystem, which may influence the time they spend excreting/egesting in the recipient ecosystem. For example, dry conditions tend to increase the amount of time many animals spend near watering holes and riparian areas, which increases the amount of resources transferred from terrestrial to aquatic systems (Jacobs et al., 2007) . Seasonality in the donor ecosystem also may interact with life-history traits of the animal vectors, as when changes in temperature and discharge trigger aquatic insect emergence (Füreder, Wallinger & Burger, 2005) . Large-scale climatic shifts that increase (El Niño events) or decrease (major droughts) the productivity of the donor ecosystem also may alter the quantity and timing of animal vectors (Finney et al., 2000; Naiman et al., 2002) . Donor ecosystem characteristics are not likely to have substantial effects on the duration of inputs in a recipient ecosystem, although they may influence the length of time high secondary production and movement out of the donor ecosystem can be sustained.
V. RECIPIENT ECOSYSTEM -PHYSICAL/CHEMICAL CHARACTERISTICS (1) Size and location
Characteristics of the animal vector and donor ecosystem interact to determine the QQTD of an input, and that input is translated through the lens of recipient ecosystem characteristics to determine the QQTD of the subsidy. The size and location of the recipient ecosystem are primary determinants that influence the relative quantity of the input (Table 1) . A given number of animal vectors will yield a relatively larger input in a small ecosystem than in a large ecosystem, in which their inputs may be minimal compared to the ecosystem's overall resource budget (Post et al., 2007; Hocking & Reimchen, 2009 ). This influence of ecosystem size can be seen in the difference between total and areal loading rates for a given input (Table 2) . However, a larger recipient ecosystem may be able to support a larger population of animal vectors once they arrive, which may increase the relative quantity and duration of inputs compared to small ecosystems, particularly when animals arrive by active means or tend to aggregate. Size, in addition to the ecosystem's shape and the fractal irregularity of its edges, also influences the perimeter:area (P:A) ratio of a recipient ecosystem, and smaller systems tend to have higher P:A ratios. The increased amount of edge in small systems increases their connection with adjacent systems, which often leads to higher input rates of allochthonous resources, particularly when animals arrive by passive means (e.g. wind or water currents) (Polis & Hurd, 1995 , 1996 Polis et al., 1997a; Iwata et al., 2003) . The probability that an animal migrating across a landscape will encounter the recipient ecosystem is also directly related to the perimeter of the recipient ecosystem and inversely related to its distance from the donor ecosystem (Polis et al., 1997a; Power & Rainey, 2000; Gratton & Vander Zanden, 2009) , although the relative importance of distance will vary for animal vectors with different mobility. Recipient ecosystem size also may influence the trophic structure of the ecosystem in a way that influences input quantity. Small islands in the Gulf of California were less likely than large islands to have predators of marine nesting birds, which resulted in their use as nesting sites by seabirds and the subsequent transfer of large amounts of allochthonous marine resources (Polis & Hurd, 1995) .
In some cases, these characteristics may be variable over time, as seasonal or climatic shifts may alter the size of recipient systems or their proximity to donor systems. For example, periods of high or low discharge in river systems due to seasonal events (e.g. snowmelt) or large-scale climatic events (e.g. drought or monsoonal rains) can change the effective size of the river ecosystem by several orders of magnitude as well as its connectivity to seasonal waterways. The interaction of input timing with timing of variability in the recipient ecosystem can have significant effects on the relative size of the input (Chaloner et al., 2007; Janetski et al., 2009; Wheeler et al., 2015) . For example, Wheeler et al. (2015) suggest the ratio of potamodromous fish biomass to ecosystem size, as measured by discharge, can help determine the contribution of migrant excretion to river nutrient cycling.
(2) Boundary characteristics
Boundary characteristics that influence the permeability and retention of the recipient ecosystem can influence relative quantity and duration of an input (Table 1) (Polis et al., 1997a; Cadenasso, Pickett & Weathers, 2004; Post et al., 2007) . Typically, boundary permeability is positively related to relative quantity of the input, but because highly permeable boundaries lead to low retention times, boundary permeability may be inversely related to duration. Low boundary permeability may directly block inputs, or may lengthen the transport time between ecosystems such that resulting biogeochemical transformations influence the quantity of the input (Harding et al., 2004) . Whether a boundary is permeable depends both on the time scale of analysis and the animal vector under consideration (Post et al., 2007) . For example, lakes are often considered to be closed systems at short time scales, but open to water and nutrient inputs at longer time scales. Lakes with alewife migrating between them and the ocean on an annual basis are relatively open systems, but they could be considered closed systems for some questions at short time scales. The transition from terrestrial to aquatic systems (or vice versa) may be a highly impermeable barrier to some animals or specific age classes, while being highly permeable to others undergoing metamorphosis. In some cases, highly impermeable boundaries may lead to increases in relative quantity of an input. When animal migrations encounter an impermeable boundary, mass mortality may occur and result in a large input of carcasses. This type of mortality has been documented in response to both anthropogenic barriers, such as fences and dams (Bolger et al., 2008) and natural boundaries, such as water crossings by migrating ungulates (Capaldo & Peters, 1995 , 1996 Hummel & Ray, 2008; Subalusky et al., 2017) and mass stranding of marine animals (Brownell et al., 2005; Mazzariol et al., 2011) .
Boundary permeability also may be altered by seasonal or climatic events, such as increased rainfall that increases aquatic-terrestrial linkages through floodplain inundation and increases the relative quantity of inputs entering a recipient ecosystem (Junk, Bayley & Sparks, 1989; Junk, 1999) . There also may be complex interactions between the timing of inputs and the permeability of the ecosystem which influence the duration of time the input is in the recipient ecosystem. For example, if an input coincides with low rates of retention (high rainfall in terrestrial systems, or high discharge in aquatic systems), the relative effect of the input on the recipient ecosystem may be diminished (Chaloner et al., 2007; Janetski et al., 2009) .
(3) Productivity and resource availability
The productivity and resource availability of a recipient ecosystem ultimately determines the relative quantity and quality of the input in that ecosystem, although resource availability appears to be a better tool for predicting subsidy effects (Marczak et al., 2007) (Table 1) . A given input will generally have a larger effect in a resource-sparse ecosystem than in a resource-rich one (Polis et al., 1997a; Post et al., 2007; Atkinson et al., 2016) . These differences are illustrated by the difference in total loading estimates for a given input as compared to the per cent of recipient ecosystem levels they comprise (Table 2 ). For example, snails load 0.02-0.03 g m -2 year -1 of N to desert soils, but these soils are so low in nutrients that snail loading comprises 11% of the total soil nitrogen input (Jones & Shachak, 1990) (Table 2) . By contrast, all the marine mammals in the Gulf of Maine contribute 23 × 10 6 kg of N to the phototrophic zone of oceans through faecal plumes, but this only accounts for 1% of the N influx for that area (Roman & McCarthy, 2010) (Table 2) . Nutrient limitation in an ecosystem tends to promote the importance of resource inputs (Bellmore et al., 2014) , while nutrient enrichment decreases it (Carpenter et al., 2005) , and this pattern is especially pronounced when the input provides resources similar to those already abundant in the recipient ecosystem (Marczak et al., 2007; Adams et al., 2010) . Arctic foxes (Vulpes lagopus) were more dependent on proximity to colonies of greater snow geese (Anser caerulescens atlanticus) for denning and cub rearing when abundance of lemmings (Lemmus trimucronatus and Dicrostonyx groenlandicus) was low (Giroux et al., 2012) . By contrast, inputs that provide complementary resources to those available in the recipient ecosystem could be disproportionately important Rosemond et al., 2015) . Whales in the Southern Ocean stimulate carbon export through consumption of prey at depth and provision of iron-rich faecal plumes to the iron-limited photosynthetic zone (Lavery et al., 2010) . Provision of complementary resources may be more likely when the donor and recipient ecosystems differ substantially from one another. For example, because aquatic and terrestrial systems often differ in stoichiometry and limiting resources, inputs that move from an aquatic ecosystem into a terrestrial ecosystem, or vice versa, may be more likely to provide different resources than those already available in the recipient ecosystem (Elser et al., 2000; Nowlin, Vanni & Yang, 2008; Sitters et al., 2015; Twining et al., 2016; Martin-Creuzburg et al., 2017) .
The relative quality of an input, and thus the degree to which it influences an ecosystem, will be largely determined by its timing relative to other recipient ecosystem dynamics that are shaped by seasonal variability or large-scale climatic events (Table 1) . Inputs are more likely to be important when the demand for that resource is high relative to the supply (Wheeler et al., 2015; Wheeler, Miller & Crowl, 2017) . Inputs that enter the recipient ecosystem when in situ sources of productivity are low are more likely to be utilized by consumers and may help stabilize the food web (Nakano & Murakami, 2001; Takimoto, 2002) . However, inputs that enter during periods when abiotic factors promote increased productivity (e.g. warmer temperatures, more light), may be more likely to be transformed and assimilated into primary or secondary production (Tiegs et al., 2011) . Large-scale climatic events also may influence the relative quality of an input in a recipient ecosystem. Climatic events like the El Niño Southern Oscillation (ENSO) may bring additional rainfall or drought conditions, depending on the region, which may have contrasting effects in terrestrial versus aquatic systems. Additional rainfall may reduce water limitation and allow nutrient inputs to be utilized more fully in terrestrial systems (Anderson et al., 2008) , while increasing discharge may decrease input duration and effect in aquatic systems (Stears et al., 2018) . By contrast, drought conditions may limit terrestrial production regardless of input, while they may decrease ecosystem size and increase input duration and effect in aquatic ecosystems.
There are other characteristics of recipient ecosystems that can influence input quality and duration (Table 1) . Temperature is an important variable that both increases metabolism and excretion/egestion rates of animals, potentially increasing input quantity (Allen & Gillooly, 2009; Liess et al., 2015; Vanni & McIntyre, 2016) , and increases decomposition rates in both aquatic (Paudel et al., 2015) and terrestrial ecosystems (Zhang et al., 2008) , potentially decreasing input duration. Decomposition rates also can be influenced by whether the recipient ecosystem is aquatic or terrestrial. Carcass decomposition tends to occur faster in aquatic ecosystems, as decomposition is influenced by a range of additional physical factors (Beasley, Olson & Devault, 2012; Muhametsafina et al., 2014) . In cases where inputs are being provided by living animals (via excretion and egestion), input duration may also be influenced by resource availability in the recipient ecosystem that determines how long that ecosystem can sustain or support the animal vectors. The resource being provided by the recipient ecosystem to the animal vector may vary, although it is often habitat or space. For example, migratory waterfowl will only utilize certain agricultural wetlands that provide sufficient roosting habitat, limiting the wetlands to which they transport terrestrial resources (Post et al., 1998) .
Fig. 2.
Flow chart depicting the fate of animal resource subsidies in a recipient ecosystem. 1, There are several primary forms of animal input -excretion and egestion resulting from daily feeding migrations, and carcasses and gametes resulting from life-history shifts or long-distance migrations. 2, These inputs provide carbon and nutrients that can subsidize autotrophic and/or heterotrophic production through a range of pathways and influence the balance of autotrophic to heterotrophic production [often measured as the ratio of primary production (P) to respiration (R). 3, Resulting changes in autotrophic and heterotrophic production can influence trophic dynamics in the recipient ecosystem through the green and detrital food chains, respectively.
VI. RECIPIENT ECOSYSTEM -CONSUMER CHARACTERISTICS (1) Taxonomic identity and trophic guild
The ultimate fate of inputs in the recipient ecosystem is their transformation and uptake by a range of consumers, which may include microbial decomposers, primary producers, and primary and secondary consumers. The taxonomic identity and trophic guild of a given consumer compared to where in the food chain the input enters influences the relative quality and duration of the input (Table 1) . While primary producers may be able to respond rapidly to limiting nutrients in excretion, nutrients from carcasses and egestion are not available until initial decomposition and mineralization has occurred. Microbial communities may be able to respond rapidly to carcasses and egestion, which provide nutrients and carbon, but they also may utilize soluble nutrients from excretion (Fig. 2) . Microbial processing of detritus may further increase input quality and increase its likelihood of assimilation by other consumers (France, 2011; Sitters et al., 2015) . However, stimulation of microbial growth by labile carbon may immobilize other nutrients in the input and make them unavailable to other consumers (Lovett & Ruesink, 1995; Christenson et al., 2002) . Many invertebrate and vertebrate consumers consume faeces or carcasses directly, particularly after microbial processing, thus incorporating inputs directly into the detrital food chain (DeVault, Rhodes & Shivik, 2003; Wilson & Wolkovich, 2011) and subsequently mineralizing them for use in stimulating primary production (Fittkau, 1973) . Whether primary producers, primary consumers, secondary consumers or some combination of these are feeding on the input can have significant impacts on food-web and ecosystem effects (Fig. 2) , such as altering the strength of resulting trophic cascades (Huxel, McCann & Polis, 2002; McCann, Rasmussen & Umbanhowar, 2005; Leroux & Loreau, 2008) . Top predator consumers can have a range of both consumptive and non-consumptive effects on ecosystem nutrient dynamics (Bump et al., 2009a; Schmitz et al., 2010) . Some inputs may be utilized by consumers at multiple trophic levels. Marine inputs to islands, either via seaweed deposition or seabird colonies, both fertilize plants and provide alternative insect prey for resident predators (Polis & Hurd, 1995; Spiller et al., 2010) .
Consumer preference can also mediate input effects ( Table 1 ). Consumers that are generalists may be better adapted to switching to animal inputs during times when they become available (Shaner & Macko, 2011) , while specialists may not be able to take advantage of this new resource; complete switching of a consumer from an autochthonous to an allochthonous resource can decouple indirect dynamics between consumers and primary producers (Leroux & Loreau, 2008) . Preferential prey selection by consumers can influence the pathway through which an input is incorporated. For example, brown bears (Ursus arctos) and black bears (Ursus americanus) selectively feed on salmon (Oncorhynchus spp.) with the highest energy content (large individuals that have spent the fewest number of days on the spawning grounds), which increases the likelihood of transport of those salmon into the riparian zone (Gende et al., 2004; Hocking & Reimchen, 2009 ). Bear-killed salmon that are left in the river are preferentially colonized by caddisfly larvae compared to senesced carcasses, possibly due to their higher energetic content, improved accessibility, or extended temporal availability (Winder et al., 2005) . This prey selection is also mediated by stream habitat structure, and in complex habitats where preferred salmon are difficult to catch, bears selectively kill older, more senesced individuals (Gende et al., 2004) . Increases in input quality may also preclude certain consumers -nutrient enrichment in a stream increased the biomass of emerging insects, thus decreasing the consumption efficiency of the spiders that were their primary predators and decreasing their reliance on this resource (Davis, Rosemond & Small, 2011) . Competitive interactions also may determine which consumers are able to benefit from inputs, and competition may be particularly strong when the input is of high quality (DeVault et al., 2003; Stapp & Polis, 2003a) . There may also be complex interactions between abiotic and biotic characteristics in the recipient ecosystem; for example, depth of snow pack influences carcass remains from wolf (Canis lupus) predation that are available for scavengers (Wilmers et al., 2003) and rainfall influences the effect of reindeer (Rangifer tarandus platyrhynchus) faecal pellets on the balance between grass and moss (van der Wal et al., 2004) .
Taxonomic identity of the consumer is often less important than trophic guild in determining relative quality of an input, however, there are species-specific differences that can impact the timing and degree to which an input is utilized (Table 1) . Whale falls, which decompose over years to decades, can host a succession of scavenger species that range from necrophages consuming the carcass flesh, to bone specialists consuming the lipid-rich bones, to chemoautotrophic bacteria using the sulphur from the decomposing skeleton (Bennett et al., 1994; Smith & Baco, 2003; Lundsten et al., 2010; Amon et al., 2013) . In sub-Saharan Africa, white-backed vultures (Gyps africanus) arrive early at carcass sites and use their sharp beaks to tear into carcasses and expose the muscle and internal organs, which are a higher quality resource and easier to digest than the skin (Kendall et al., 2012) . Marabou storks (Leptoptilos crumenifer) have bulkier and less sharp bills and must rely on openings in the carcass created by vultures or other decomposition processes to feed on the high-quality portions inside the carcass (C. Kendall, personal observations). Hyenas (Crocuta crocuta) are able to feed on carcasses throughout a range of decomposition stages, due to their strong jaws and associated ability to consume bone and skin (Cooper, Holekamp & Smale, 1999; Wambuguh, 2008) . These taxonomic differences in scavenger feeding structures establish a succession of carcass consumption that determines the timing of input utilization and its relative quality along that trajectory.
(2) Life history and mobility
The number of consumers present and how quickly they can take advantage of a new resource input determines its relative quantity and duration in a recipient ecosystem (Table 1) . Initial consumer abundance may be determined by their ability to exist on other resources in the absence of the input, and this will help determine the input's initial rate of utilization (Levi et al., 2015) . If an input is of sufficiently high quality, its appearance may cause consumers to switch resources to take advantage of it, or to increase their population in response to it. Inputs can alter these dynamics themselves, such as through the priming effect, when inputs high in labile organic matter increase mineralization rates of more recalcitrant organic matter (Guenet et al., 2010) . The rate of consumer response to the input is shaped by the consumer's life history, feeding strategy, and mobility (Nowlin et al., 2008; Paetzold et al., 2008; Levi et al., 2015) . Consumers that can reproduce quickly, or switch resources readily, will be able to take full advantage of a pulse in a new resource. For plant consumers, annual species may have life-history characteristics that are more able to take advantage of pulsed resources, which can lead to a shift in community composition and diversity in recipient ecosystems (Anderson et al., 2008) . For animal consumers, mobility may be a key feature allowing animals to change foraging strategies to take advantage of new resource inputs (Stapp, Polls & Pinero, 1999; Power & Rainey, 2000; Stapp & Polis, 2003a; Levi et al., 2015) . The rate of consumer response to an input may influence the duration of the input in the recipient ecosystem. When consumers can respond quickly, via high mobility or life histories that support rapid reproduction, inputs may be consumed quickly and entirely. Consumer mobility also may influence the spatial scale of an input's influence, if highly mobile consumers in the recipient ecosystem are able to transport inputs into other ecosystems. For example, the transport of salmon carcasses by bears and birds into freshwater and terrestrial ecosystems the salmon otherwise wouldn't have reached extends the spatial influence of this input (Hilderbrand et al., 1999; Helfield & Naiman, 2006; Payne & Moore, 2006; Levi et al., 2015) .
VII. THE EFFECTS OF SUBSIDY CHARACTERISTICS ON TROPHIC DYNAMICS AND ECOSYSTEM FUNCTION
The range of examples cited above illustrate how interactions between the animal vector and donor ecosystem can influence the QQTD of animal resource inputs, and how the characteristics of these inputs can be further mediated by interactions with the recipient ecosystem. The resulting variability in subsidy QQTD is manifest in the variability of subsidy impacts on trophic structure and ecosystem function in the recipient ecosystem. Several theoretical studies have formulated hypotheses about how subsidy characteristics may impact food webs and ecosystem processes (Huxel & McCann, 1998; Huxel et al., 2002; Leroux & Loreau, 2008) , although considering the four characteristics of QQTD together presents a formidable level of complexity. Furthermore, challenges in manipulating these subsidy characteristics in the field have made it difficult to test these relationships empirically. Here we present a summary of predictions from theoretical research and meta-analyses of empirical research on how subsidy QQTD may impact trophic dynamics and ecosystem function, and we use case studies to illustrate the variable effects subsidies can have even within a single ecosystem.
(1) Trophic structure Animal subsidies often have strong, positive direct effects on consumers in the recipient ecosystem. Studies have shown that animal subsidies can account for 25-100% of the energy or carbon to consumers and may increase consumer growth and reproduction (Baxter et al., 2005) . Animal subsidies also can have negative indirect effects on trophic dynamics, by increasing the density of subsidized predators that in turn increase predation on in situ prey (Polis & Hurd, 1996; Huxel & McCann, 1998) , although experiments testing these interactions have produced a range of results (Baxter et al., 2005) . Theoretical modelling suggests that subsidy quantity is important in determining the impact on food-web stability, with low levels of subsidies stabilizing food webs and increasing community persistence, and high levels of subsidies decreasing food-web stability and increasing the strength of trophic cascades (Huxel & McCann, 1998; Huxel et al., 2002; Leroux & Loreau, 2008) . The timing and duration of a subsidy also influence its effects on trophic structure. Theory suggests that subsidies that occur when other in situ sources of productivity are low are more likely to stabilize food-web dynamics (Takimoto, 2002) .
Due to their relatively high quality, animal subsidies are often incorporated into the food web even if they occur in relatively low quantities (Marcarelli et al., 2011) . However, the pathway through which they are incorporated depends on the subsidy form and its effects on ecosystem function. As illustrated in Fig. 2 , animal excretion rich in inorganic nutrients may be taken up readily by autotrophic producers and incorporated into higher trophic levels via grazing by primary consumers (green food chain). Animal egestion or carcasses may be either mineralized to inorganic nutrients and assimilated via the same pathways or consumed directly by heterotrophic consumers (detrital food chain). Larger carcasses in particular provide a fairly complex resource that decomposes over long time scales, so trophic uptake is often via a range of consumers (Bennett et al., 1994; Smith & Baco, 2003; Lundsten et al., 2010; Kendall et al., 2012) . Characteristics of the ecosystem in which the carcass is deposited also influence these dynamics. Carcasses tend to decompose faster in aquatic than terrestrial systems (Muhametsafina et al., 2014) , however, in marine systems, the less-important role of bacterial communities and the decreased stability of environmental conditions as compared to terrestrial systems can lead to an increase in the diversity of macrofauna that utilize the carcass resource (Beasley et al., 2012) .
(2) Ecosystem function
Animal subsidies can have a range of effects on ecosystem function, as illustrated in Fig. 2 . Animal subsidies typically increase nutrient concentrations in recipient ecosystems (Anderson & Polis, 1999) , which often results in increased primary production and a shift towards increased net ecosystem production [NEP; the difference between gross primary production (GPP) and ecosystem respiration (R)] (Kitchell et al., 1999; Naiman et al., 2009) . When subsidies are in the form of organic nutrients (e.g. carcasses) or are high in carbon (e.g. hippo faeces), mineralization of these subsidies could shift the ecosystem towards increased heterotrophy and a decline in NEP (Christenson et al., 2002; Marcarelli et al., 2011; Subalusky et al., 2018) , although the effect of subsidies on heterotrophic communities has been studied much less frequently (Atkinson et al., 2016) . The release of inorganic nutrients after mineralization may then stimulate either autotrophs or heterotrophs, and the resulting outcome may be mediated by other factors, including temperature, light and nutrient availability and community composition (Roberts & Howarth, 2006) .
Examples from the literature on migratory salmonids illustrate how characteristics of the animal vector and donor and recipient ecosystems may interact to determine subsidy impact on ecosystem function. Large-scale shifts in ocean-atmosphere patterns lead to fluctuations in salmon abundance and the number of salmon (Oncorhynchus spp.) moving from marine to freshwater ecosystems to spawn and die (Finney et al., 2000; Naiman et al., 2002) . Salmon carcasses contribute high levels of nutrients, and depending on ecosystem nutrient demand, these can be assimilated by primary producers and increase primary production (Mitchell & Lamberti, 2005; Wheeler et al., 2017) . However, the disruption of substrate by live salmon during redd construction can decrease benthic algal biomass and drive the ecosystem from a net autotrophic to a net heterotrophic state during salmon spawning runs (Holtgrieve & Schindler, 2011; Wheeler et al., 2017) . The ecological effects of live salmon, through excretion and gamete release, can exceed those of carcasses, partly due to the corresponding abiotic characteristics of the river (Tiegs et al., 2011) . River discharge tends to be lower and water temperature higher earlier in the spawning season when most fish are still alive, and these characteristics are more likely to promote primary production.
Recent research on hippos (Hippopotamus amphibius) has also shown how interactions between the subsidy and donor and recipient ecosystem characteristics can drive variability in ecosystem effects. Hippopotami graze 1-10 km inland from rivers, and they tend to graze further inland during drier seasons when grass is sparser (Field, 1970; Kanga et al., 2011) . By travelling further inland in response to lower donor ecosystem productivity, hippos spend a longer time feeding in the grasslands, which leads to less time spent in the river and therefore less excretion/egestion in the aquatic ecosystem (Subalusky et al., 2015) . The magnitude of hippo inputs entering the recipient ecosystem appears to drive large differences in effects on ecosystem function, with low levels of input increasing primary and secondary production, and high levels decreasing production, particularly during low discharge when inputs concentrate on the river bottom (Masese et al., 2015 (Masese et al., , 2018 McCauley et al., 2015; Dawson et al., 2016; Stears et al., 2018; Dutton et al., 2018b; Subalusky et al., 2018) . Hippo inputs can become so concentrated they lead to hypoxic conditions in the hippo pools and hypoxic floods and fish kills downstream, a condition Dutton et al. (2018b) termed 'subsidy overload'. Hippos can also influence characteristics of the river ecosystem by increasing turbidity in the river directly, through bioturbation, but also indirectly, through decomposition of faeces into fine particulates (Dutton et al., 2018a) . Increased turbidity causes light limitation to the benthos, which likely influences the degree to which hippo faeces are used by autotrophs. This case study illustrates how animal inputs can alter recipient ecosystem characteristics in a way that influences the recipient ecosystem's response to further inputs.
(3) Feedbacks
Some animal subsidies increase productivity of a component of the recipient ecosystem that in turn provides a subsidy back to the donor ecosystem, potentially establishing feedbacks between the donor and recipient systems. For example, when salmon carcasses promote biofilm growth that is consumed by aquatic insects that ultimately provide the diet for salmon hatchlings, they can promote higher survivorship of young salmon that return to the ocean (Giannico & Hinch, 2007; Naiman et al., 2009) . These feedback loops can increase the complexity of untangling drivers of food-web structure across ecosystems. These feedbacks may be widespread, but they are poorly documented and are an important avenue for future research.
VIII. IMPLICATIONS FOR ALTERED ECOSYSTEMS
Many animal populations have declined or been lost in response to anthropogenic change, with the accompanying loss of their role in resource transport (Moss, 2015; Malhi et al., 2016) . Late Pleistocene extinctions of megafauna across much of the world removed most of the largest species from all continents except Africa (Barnosky et al., 2004; Lyons, Smith & Brown, 2004) . Research on nutrient transport capacity of megafauna has shown the substantial impacts that megafaunal species can have, due to their large size, high consumption rate, and widespread movement patterns (Wolf, Doughty & Malhi, 2013; Subalusky et al., 2015) . Modelling approaches show that the loss of Amazonian megafauna led to a 98% decrease in the lateral flux of phosphorous away from fertile floodplains, with similar decreases in all continents except Africa (Doughty, Wolf & Malhi, 2013) . Estimates of nutrient transport from before the Quaternary megafauna extinctions suggest that nutrient transport by animals has dropped to 4-8% of pre-extinction levels (Doughty et al., 2015) . Present-day population declines have contributed further to the loss of species, due to a range of drivers including habitat loss, direct mortality, over-exploitation, climate change and increased barriers to migration (Finney et al., 2000; Hilborn et al., 2003; Allan et al., 2005; Varpe et al., 2005; Harris et al., 2009; West et al., 2010; Dirzo et al., 2014; Ceballos et al., 2015) . In a range of species subjected to human exploitation, there also has been a general decline in body size over time, which interacts with declining population numbers to further decrease subsidy quantity (McIntyre et al., 2007; Pershing et al., 2010; West et al., 2010; Twining et al., 2017) . This pattern has been further compounded by global reductions in the extent of animal movements in response to anthropogenic development (Tucker et al., 2018) . Other animal species are increasing in response to anthropogenic activities, such as invasive species that have colonized novel habitats with potentially large impacts on ecosystem nutrient cycling (Capps et al., 2012; Capps & Flecker, 2013b ) and cross-system nutrient transport (Baxter et al., 2004; Middleton et al., 2013; Gergs et al., 2014; Twining et al., 2017) . Some animal vectors have been subsidized themselves, as is the case with geese feeding in agricultural fields (Jeffries, Henry & Abraham, 2004) . The geese in turn subsidize wetlands through daily feeding migrations (Post et al., 1998; Kitchell et al., 1999) and Arctic predators through seasonal reproductive migrations (Giroux et al., 2012) .
As many animal subsidies have decreased, anthropogenic resource subsidies have increased and may have essentially replaced those lost by animal movements in some ecosystems (Twining, West & Post, 2013) . Common forms of anthropogenic inputs include sewage waste from humans and livestock and fertilizer run-off from agricultural fields. These forms are often high in inorganic nutrients, particularly N, and are often associated with large increases in algal growth in aquatic ecosystems (Sitters et al., 2015) . Humans also provide large amounts of food subsidies, either intentionally through bird and game feeders, or unintentionally through dumps, fishing discards, and restaurants, among other sources (Oro et al., 2013) . These anthropogenic food subsidies can have substantial direct and indirect effects at the individual, community and ecosystem scale (Oro et al., 2013; Newsome et al., 2015; Winton & River, 2017) . Increasing anthropogenic subsidies could decrease the relative size and impact of animal subsidies due to elevated background nutrient levels or could compound the influence of animal subsidies and push ecosystems closer to a tipping point of eutrophication.
Anthropogenic changes are also often associated with increasing pollutant loads, which can become coupled to animal resource transport .
In addition to changing nutrient levels, many ecosystems are also experiencing increased temperatures, changes in the timing of temperature and precipitation regimes, and higher levels of variability in a range of environmental factors due to climate change and other anthropogenic factors, which may influence the QQTD of subsides in complex ways (Karl, Knight & Plummer, 1995; Verboom et al., 2010; Schulz et al., 2015; Sitters et al., 2015; Larsen et al., 2016) . Increased temperatures may influence the phenology of animal vectors, potentially altering the quantity and timing of their inputs to recipient ecosystems. Increased temperatures also may influence subsidy quality. For example, increasing temperatures have been shown to decrease the quality of leaf litter subsidies to aquatic systems, with negative impacts on nutrient levels but positive impacts on zooplankton due to decreased shading (Fey et al., 2015a) . Increased variability also may change the way recipient ecosystems interact with animal subsidies (Larsen et al., 2016) . For example, higher rainfall may increase recipient ecosystem productivity and decrease its retention rate, both of which would minimize the effect of an animal subsidy, or rainfall could enhance the decomposition and uptake of a subsidy and increase its effect. Changes in the physical structure of recipient ecosystems that conflict with changes in the physiology and phenology of animal vectors may lead to trophic mis-matches with long-term consequences (Larsen et al., 2016) . The interaction between changing recipient systems and changing animal vector populations will likely have complex effects that vary across systems.
IX. RECOMMENDATIONS FOR FUTURE RESEARCH
Here we have presented a framework that can be used both to develop predictions about the role of different animal subsidies in space and time, and to guide research programs aimed at understanding the ecosystem and trophic effects of animal subsidies. We also present several recommendations to aid future studies in following this framework and developing research that is directly comparable to other studies. First, we recommend measuring and reporting both the magnitude and stoichiometry of resource subsidies, as well as the rate and aerial extent of loading, which reflects the relative quantity of the subsidy. We also recommend measuring the availability of similar resources in the recipient ecosystem and, when possible, the ecosystem demand for those resources, to present subsidies as a proportion of in situ resource supply and demand, which reflects the relative quality of the subsidy. Although obtaining all these data for every study may be expensive and difficult, measuring only a subset of these variables can make it difficult to compare findings across studies (Table 2) . Second, we recommend developing study designs that allow animal subsidies and their impacts to be measured at spatial and temporal scales that capture relevant environmental variability. Variability of animal subsidy effects is important to document, as it can increase spatial and temporal heterogeneity to which other consumer guilds in turn respond. Furthermore, understanding how variability in animal and ecosystem characteristics influence subsidy effects will be particularly important in a changing world, as these characteristics continue to change even in well-studied systems.
Third, we recommend studying the role of animals in transporting resource subsidies within the broader context of understanding how animal movement and behaviour can influence food webs and ecosystems. Animals can have an array of transport and trophic effects in ecosystems in which they reside (Bauer & Hoye, 2014) , and they can physically alter their environments (Jones, Lawton & Shachak, 1997) . These various roles may have ecological effects that either surpass or alter the impact of any resource subsidies they transport. Research on animal resource subsidies should consider, if not explicitly address, the additional roles an animal vector may be playing in the recipient ecosystem that may influence interpretation of the results.
Fourth, we recommend using this conceptual framework to guide research on resource subsidies in general, even when transported by abiotic vectors. This will simplify the component of the framework devoted to characteristics of the animal vector (Fig. 1) , but the proposed characteristics of the donor and recipient systems will still be important to understanding context dependency of resource subsidies in general. As cross-system resource subsidies are an important feature of ecosystems in every biome, and perhaps more the rule than the exception in influencing ecosystem dynamics, predicting when and where they are likely to be most important can inform our broader understanding of ecosystem function.
Finally, we propose following the more general definition of resource subsidies set forth above that includes instances in which the subsidy either promotes or inhibits production in the recipient ecosystem. The trophic and ecosystem effects of a subsidy may be highly variable in time and space for a given subsidy and may influence a range of consumers in the recipient ecosystem in complex and dynamic ways across variable time scales. A given resource may increase primary production over days to weeks, secondary production over weeks to months and secondary consumers over months to years. With a slight change in environmental conditions, it may decrease primary production but increase secondary production through the detrital food web. With a sufficient decrease in animal populations, the subsidy may still impact primary producers or microbes, but have no effect on secondary production. We believe a broader definition of resource subsidy better reflects the range of outcomes that can occur in the same recipient ecosystem for any given subsidy, depending on how that subsidy is translated through the ever-changing lens of recipient ecosystem characteristics.
X. CONCLUSIONS
(1) Animals can play an important role in shaping trophic structure and ecosystem function through the transport of resources across ecosystem boundaries, but the importance of these resource inputs is context dependent and is shaped by characteristics of the animal vector and the donor and recipient ecosystems.
(2) The trophic and ecosystem effects of animal resource subsidies can influence how the recipient ecosystem responds to additional inputs and can feed back to influence the donor ecosystem.
(3) Animal subsidies, and resource subsidies in general, must be studied in the context of donor and recipient ecosystem dynamics to understand and predict their ecosystem effects fully, and this context is particularly important in a rapidly changing world.
(4) Future research should work towards measuring and reporting the magnitude, stoichiometry and temporal and spatial scale of resource inputs, as well as their proportion of in situ resource supply and demand, in order to facilitate comparisons both within and across taxa and ecosystems.
(5) Resource subsidies may have positive, negative and/or neutral effects on different components of the recipient ecosystem across different time scales, and future research should utilize this range of ecosystem effects to improve our understanding and predictive capacity of when and where subsidies will be important.
